Electrocatalysis using renewable energy sources provides a clean technology to produce hydrogen from water. Titanium oxide is considered as a potential electrocatalyst not only for hydrogen production but also for CO 2 conversion. In this study, to enhance the cathodic electrocatalytic activity of TiO 2 , the phase composition on TiO 2 surface is modified by inclusion of high-pressure TiO 2 -II phase using high-pressure torsion (HPT) straining. Detailed spectroscopic studies revealed that the energy band gap is reduced and the valence band energy increased with increasing the TiO 2 -II fraction. The highest electrocatalytic activity for hydrogen production was achieved on an anatase-rich nanocomposite containing TiO 2 -II nanograins.
Severe plastic deformation (SPD); titanium dioxide (TiO 2 ); TiO 2 -II columbite phase; electrocatalysis; water splitting Hydrogen is considered as a clean energy carrier for future energy-storage applications, but production of hydrogen without emitting CO 2 is still challenging [1] . Photocatalytic water splitting is an ideal technique to produce hydrogen [2] , but the technique is not sufficiently effective for the mass production of hydrogen yet [3] . Electrocatalytic hydrogen production from water splitting by using renewable energy sources (i.e. power to gas conversion) is regarded as a main strategy to store renewable energies in the form of hydrogen gas [4] . Electrocatalysis is also widely used for converting undesirable compounds to useful materials such as conversion of CO 2 to fuels [5] . TiO 2 is one of the most investigated electrocatalysts due to its environmental-friendly features, stability and low cost, but its electrocatalytic activity needs to be improved [6] . So far, different techniques such as doping [7] , addition of metallic particles [8] , formation of hybrid structures containing organic or carbon-based materials [9] and fabrication of hetrostructures containing two polymorphs [10, 11] have been employed to enhance the electrocatalytic activity of TiO 2 . Among these techniques, the formation of structures with different phases is the only strategy that is applicable to TiO 2 in the pure form and thus it is the most environmental-friendly technique. (c) Raman spectra and (d) XRD profiles for TiO 2 samples before and after HPT processing at 300 and 373 K. Reference XRD data for anatase and TiO 2 -II phases were taken from JCPDS card numbers of 01-071-1166 and 01-084-1750, respectively, for atomic planes with relative intensities higher than 9%. Figure 1 (a), TiO 2 has several phases such as rutile and anatase with the tetragonal structure and TiO 2 -II (columbite) with the orthorhombic structure [12] . Although anatase exhibits the best catalytic activity due to its large specific surface area [6] , it was shown that the two-phase structure of rutile in anatase-rich matrix can exhibit better activity for both photocatalytic activity [13] and electrocatalytic activity [10] . Such an improvement was attributed to the interphase effect on charge separation and increasing the electron/hole recombination time [14, 15] . A recent study showed that the highpressure TiO 2 -II phase can exhibit a low band gap and enhanced photocatalytic activity for water splitting [16] in agreement with the predictions of density functional theory calculations [17] . Although the TiO 2 -II phase can be synthesized by different methods such as highpressure high-temperature process [12] , hydrothermal compression [18] , high-pressure torsion (HPT) method [16, 19] , thin film deposition [20, 21] and chemical reaction [22] , there have been no reports on the electrocatalytic activity of TiO 2 -II.
As shown in
In this study, we report the first application of TiO 2 -II phase as an electrocatalyst for not only hydrogen production from water but also for hydrogenation of oxalic acid to produce an alcoholic compound. It should be noted that the group of authors recently reported the electrochemical hydrogenation of oxalic acid (divalent carboxylic acid) to produce glycolic acid (monovalent alcoholic compound) and found that the catalytic activity on TiO 2 considerably depends on the crystal structure, i.e. anatase exhibits extremely high reducibility for oxalic acid but rutile does not [23, 24] . The difference in catalytic activity was attributed to the reducibility of electrons introduced from electrode to the conduction band bottom of TiO 2 , i.e. electrons accumulated in the conduction band of anatase are located at energy levels higher than those of rutile one [25] . Here, to examine the electrocatalytic activity of TiO 2 -II phase, the phase is stabilized by HPT [26, 27] , a method which showed high potential for stabilizing high-pressure phases in different metallic and non-metallic systems [28, 29] . Interestingly, TiO 2 -II possesses a narrow band gap compared to that for anatase TiO 2 , which means that the conduction band bottom or valence band top of TiO 2 -II is located at the position different from that of anatase TiO 2 . Here, we first examine the effect of TiO 2 -II on energy states and subsequently apply the TiO 2 -II mixed catalysts to electrochemical reduction of water and oxalic acid. It is found that the presence of TiO 2 -II in anatase can enhance the electrocatalytic activity.
For experiments, commercially pure anatase (ST-01) powder with ∼ 7 nm crystallite size was processed by HPT under 6 GPa for 3 turns at room temperature (300 K) and 373 K with a rotation speed of 1 rpm. The HPT-processed samples, which were in the form of discs with 10 mm diameter and ∼ 0.8 mm thickness, were examined at 2-5 mm away from the disc center (i.e. in highly strained regions) by different techniques.
First, the phase transformation was analyzed by X-ray diffraction (XRD) using Cu Kα radiation and by Raman spectroscopy using 532 nm laser.
Second, microstructure of samples was examined by Cs-corrected high-resolution transmission electron microscopy (TEM) using an acceleration voltage of 200 kV.
Third, the bandgap and electronic structure of samples were examined by ultraviolet-visible light diffuse reflectance (UV-VIS) spectroscopy, X-ray photoelectron spectroscopy (XPS) using Al Kα radiation and ultraviolet photoelectron spectroscopy (UPS) using a He discharge lamp.
Fourth, the electrocatalytic activity for electrochemical reductions of water and oxalic acid were examined. 10 mg of TiO 2 samples were crushed and dispersed in 0.2 mL ethanol and deposited on two sides of Ti foils with the dimensions of 25 × 20 × 0.1 mm 3 . The foils were further calcinated at 473 K for 1 h to achieve good bonding between the foil and the TiO 2 particles (TiO 2 -II remains stable at this temperature [16] ). A three-electrode system (TiO 2 on Ti foil as cathode, Pt spiral wire as anode and Ag/AgCl as reference) and two sealed cells separated by a Nafion membrane were used for the electrocatalytic reactions. For water splitting, the electrolytes in both anodic and cathodic cells were a solution of 0.2 M Na 2 SO 4 with a PH of 6.85. For oxalic acid decomposition, the electrolyte was a mixture of 0.2 M Na 2 SO 4 and 0.03 M oxalic acid in the cathodic cell and 0.2 M Na 2 SO 4 with a PH of 2.1 in the anodic cell (PH was adjusted by addition of H 2 SO 4 ). After setting the system, the electrodes were connected to a potentiostat and the cathodic cells were bubbled by N 2 or Ar for 30 min to remove the air. The electrocatalytic tests were conducted for 30 min at 298 K with −1.65 V versus reversible hydrogen electrode for water splitting and at 323 K with -0.7 V versus reversible hydrogen electrode for oxalic acid conversion. The reaction products were analyzed by gas chromatography for water splitting and by liquid chromatography for oxalic acid decomposition.
The occurrence of phase transformation is confirmed using the Raman spectra and XRD profiles, as shown in Figure 1(b,c) , respectively. While only anatase peaks are visible in the intial powder, the peaks of TiO 2 -II appear after HPT processing at 300 K and these peak intensities increase with increasing the processing temperature to 373 K. Detailed analysis using the Rietveld method confirms that the fraction of TiO 2 -II is 18 and 58 wt% after HPT processing at 300 and 373 K, respectively. The formation of TiO 2 -II phase after HPT processing is consistent with earlier publications [16, 19] , but the fraction of TiO 2 -II phase after HPT processing at 300 K is lower in this study compared to earlier publications due to the small crystallite size of starting powder which can inhibit the phase transformation [30] . However, the fraction of TiO 2 -II increases by processing at 373 K due to the reduction of energy barrier for phase transformation [12] . Selected area electron diffraction analysis, as shown in supporting Fig. S1 , also confirms the formation of TiO 2 -II phase after HPT processing with the lattice planes consistent with the XRD analysis.
The presence of nanograins of anatase in the initial powder and the formation of nanograins of TiO 2 -II after HPT processing are visible in high-resolution TEM images of Figure 2 . The initial powder has an average grain size of 7 ± 2 nm and the average grain size remains unchanged after HPT processing, i.e. 7 ± 2 nm and 7 ± 3 nm after processing at 300 and 373 K, respectively. The main change after HPT processing is the presence of TiO 2 -II, as confirmed by fast Fourier transform (FFT) diffractograms and shown in lattice images of Figure 2 by inverse FFT. It should be noted that the HPT processing usually results in grain refinement in various metals [27, 31] and non-metallic materials [19, 32] , but the absence of grain refinement is this study is a natural consequence of small grain sizes of initial powder. The influence of HPT processing and the resultant formation of TiO 2 -II on electronic structure of TiO 2 was investigated by UV-VIS spectroscopy, XPS and UPS as shown in Figure 3 . UV-VIS spectra show that the light absorbance increases by HPT processing and by increasing the processing temperature, indicating that the band gap narrowing occurs by the TiO 2 -II formation in good agreement with the earlier reports on the formation of TiO 2 -II by HPT [16] or by thin film deposition [20] . Evaluation of UV-VIS data using the Kubelka-Munk analysis [33] shows that the optical band gap is 3.0, 2.4 and 2.0 eV for the initial powder and for the samples processed by HPT at 300 and 373 K, respectively. It should be noted that the color of samples changes from white to gray and dark gray as shown in Figure 3(a) , indicating that oxygen vacancies should have formed during HPT processing. However, the concentration of vacancies should be minor as no XPS Ti 2p and O 1s peak shifts are visible in Figure 3(b,c) , respectively. Combination of UPS and UV-VIS spectroscopy using the procedure described in [34] can elucidate the effect of TiO 2 -II fraction on the electronic structure of the two-phase TiO 2 composites. As shown in Figure 3 (e), the valence band energy of the three samples increases by HPT processing, whereas the conduction band energy does not change significantly. The band gap decreases and the valence band energy increases by increasing the fraction of TiO 2 -II phase, which is beneficial for electrocatalysis as will be discussed below.
Influence of the TiO 2 -II formation on electrocatalytic activity per unit mass of TiO 2 is shown in Figure 4 (a) for hydrogen production and for oxalic acid conversion, which were examined individually. The sample with 18 wt.% TiO 2 -II phase shows the highest activity for water splitting, however, the anatase powder shows the best activity for the electrocatalytic reduction of oxalic acid. Since the HPT method partially consolidates the oxide powders and reduces their surface area [35, 36] , the catalytic activity data in Figure 4 (a) are possibly influenced by reduced surface area effect. To examine this effect, surface areas were measured using the Brunauer-Emmett-Teller (BET) method and the electrocatalytic data were plotted per unit area in Figure 4(b) . The surface areas were 263, 79 and 73 m 2 /g for the initial powder and for the samples processed by HPT at 300 and 373 K, respectively. Figure 4(b) indicates that the amount of hydrogen is considerably enhanced by the inclusion of TiO 2 -II grains and the best electrocatalytic activity for hydrogen evolution is achieved on the sample with 18 wt% TiO 2 -II, whereas the conversion of oxalic acid on the three TiO 2 catalysts seems almost similar. Considering that the energy position of conduction band bottom predominantly influences the electrocatalytic oxalic acid conversion [23] [24] [25] , the observed activities on TiO 2 catalysts for oxalic acid conversion are plausible because the conduction band energy levels are reasonably the same for the three samples. Taken altogether, it is concluded that the presence of some amounts of TiO 2 -II as the second phase in the anatase matrix can improve the electrocatalytic activity for hydrogen evolution, but the best fraction of TiO 2 -II phase for electrocatalytic activity still needs to be optimized in future studies.
A question naturally arises from the current observations: why the anatase-based nanocomposites with 18 wt.% of TiO 2 -II exhibits the best electrocatalytic activity for hydrogen evolution among the three selected samples. It was shown broadly that anatase shows better catalytic activity than other polymorphs of TiO 2 such as rutile mainly due to its larger specific surface area at the liquid-solid interfaces [6] . TiO 2 -II phase is a highpressure phase with lower specific surface area than anatase [12] , and thus it is expected that this phase shows lower electrocatalytic activity than anatase. However, the presence of TiO 2 -II in anatase lowers the band gap and improves the charge conductivity for electrocatalytic activity. Moreover, the presence of TiO 2 -II with higher valence band energy than anatase can produce interphase junctions with better charge separation and distribution similar to the anatase-rutile hetrostructures [13] [14] [15] . As shown earlier for the anatase-rutile mixtures, anatase should be the dominant phase to achieve enhanced electrocatalytic activity due to the large specific surface area of anatase [10] . Cao et al. showed that the presence of rutile nanowires in anatase film improves the photoelectrocatalysis, while the presence of anatase nanowires in the rutile film results in strongly negative performance [10] . The current results confirm that the electrocatalytic activity of anatase is better than TiO 2 -II, but addition of some amounts of TiO 2 -II with low band gap and high valence band energy can improve the electrocatalytic activity compared to the single-phase anatase catalyst.
In summary, this study introduces a simple method to synthesize anatase-TiO 2 -II nanocomposites as potential electrocatalysts for hydrogen production from water. The presence of TiO 2 -II phase in these nanocomposites reduces the band gap and increases the valence band energy and subsequently improves the electrocatalytic activity.
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